Background--Aortic valve predilation with balloon aortic valvuloplasty (BAV) is recommended before transcatheter aortic valve implantation (TAVI), despite limited data around the requirement of this preprocedural step and the potential risks of embolization. This study aimed to investigate the trends in practice and associations of BAV on short-term outcomes in the UK TAVI registry.
T ranscatheter aortic valve implantation (TAVI) is an effective treatment option for multimorbid patients with severe symptomatic aortic stenosis who are either not suitable for conventional surgical aortic valve replacement or who are deemed high-risk surgical candidates. [1] [2] [3] [4] During the TAVI procedure, recommendations have included the use of balloon aortic valvuloplasty (BAV) to predilate the aortic valve before deployment of the transcatheter valve. Such predilation is intended to aid delivery of the prosthesis across the valve, enhance prosthesis expansion in the aortic annulus, provide information about the aortic annulus size, and, potentially, improve hemodynamic performance during the TAVI procedure. 5 Additionally, BAV during TAVI can be used to evaluate possible coronary occlusion in patients with low coronary height. However, BAV is associated with complications, including stroke, conduction disturbances, and severe aortic regurgitation. 6, 7 Thus, it is possible that the routine use of BAV in TAVI procedures actually increases procedural risk. Whilst it is routine for many TAVI centers to predilate using BAV, recent preliminary studies have indicated that TAVI without predilation is feasible in both Edwards SAPIEN and Medtronic CoreValve prostheses. [8] [9] [10] [11] [12] [13] [14] However, much of the previously published data in this area are derived from small, single-center studies and subject to sampling bias, with little data on utility of BAV and its associated clinical outcomes following TAVI in large, multicenter TAVI registries. Therefore, this analysis was undertaken in the UK TAVI registry to investigate patterns of BAV use across the UK and its association with short-term clinical outcomes following TAVI.
Methods

UK TAVI Registry
The UK TAVI registry uses a Web-based interface provided by the National Institute of Cardiovascular Outcomes Research to collect data prospectively on every TAVI procedure conducted in the UK. 15 There are currently 34 centers running active TAVI programs, with data collection being mandatory. 15 The data set comprises 95 variables, detailing patient demographics, risk factors for intervention, procedural details, and adverse outcomes up to the time of hospital discharge. Patient life status was provided by record linkage with the Office for National Statistics for English and Welsh patients. Mortality information for Northern Irish patients and the majority of Scottish patients was unavailable, and, consequently, these patients were removed from the analysis. This study analyzed data from January 2007 to December 2014. The Edwards SAPIEN (Edwards Lifesciences Inc., Irvine, CA) and the Medtronic CoreValve (Medtronic, Minneapolis, MN) prostheses were available to all centers throughout the study period.
Study Design
Endpoints in this study were 30-day mortality and the following events occurring up to hospital discharge: myocardial infarction (MI); stroke; paravalvular leak (PVL)/moderatesevere aortic regurgitation (AR); coronary artery obstruction (CAO); valve dysfunction requiring repeat procedure; permanent pacemaker implantation requirement; device migration; kidney injury; major vascular complications (MVC); and composite early safety. All endpoints were defined as given in the VARC-2 definitions. 16 This analysis defined BAV procedures based on the timing of any such procedure relative to the time of TAVI. Specifically, we distinguished the following timings: (1) BAVs completed before the date of TAVI (Before-TAVI BAV); (2) BAVs completed as part of the TAVI procedure, but before valve deployment (During-TAVI BAV); and (3) no BAV before or during the TAVI procedure (Direct TAVI). Because the aim of this study was to investigate the effect of predilation on TAVI outcomes, the main analysis excluded any patient who had a BAV before the date of TAVI; hence, the main analysis compared endpoints across patients with a During-TAVI BAV (but none before) and Direct TAVI, with the latter group taken as the reference. All patients with missing treatment group identifiers were excluded.
Additionally, to investigate whether the timing of the BAV relative to the TAVI procedure was associated with outcomes, we conducted a sensitivity analysis that did not exclude those patients who had a BAV before the date of TAVI. Hence, the sensitivity analysis compared outcomes across all 4 possible treatment groups: (1) Before-TAVI BAV and During-TAVI BAV; (2) Before-TAVI BAV and No During-TAVI BAV; (3) No Before-TAVI BAV and During-TAVI BAV; and (4) No Before-TAVI BAV and No During-TAVI BAV (Direct TAVI). Here, groups 3 and 4 comprised exactly those patients as in the main analysis.
Given that the effects of BAV on outcomes post-TAVI were potentially dependent on the expansion method of the valve type (balloon-or self-expandable), all analyses were completed in device-specific subgroups (SAPIEN vs CoreValve). Patients were excluded only from the valve-subgroup analyses if they were not treated with a SAPIEN or CoreValve prosthesis or if the valve type was unknown.
Statistical Analysis
Continuous data were presented as means and SDs, with group comparisons done with ANOVA. Categorical data were presented as counts and percentages with group comparisons done using the chi-squared test.
Every variable with missing data was imputed using multiple imputation. 17 Ten imputed data sets were generated using multiple imputation by chained equations. The imputation model for each variable included the majority of other variables in the UK TAVI registry. Additionally, to avoid underestimation of covariate-outcome associations, all endpoints were used in the imputation models for missing covariates. 18 After such imputation, the imputed outcome values were returned to the original values (ie, missing), following the so-called multiple imputation, then deletion approach. 19 All patients with missing life status were excluded from the analysis; patients with other endpoints missing were only excluded from the analysis of that particular endpoint. Analyses were undertaken in each data set separately, before pooling results according to Rubin's rules. 17 To investigate clinical outcomes across treatment groups, propensity scores (PSs) for being in each treatment group were calculated for all patients to control for potential confounders and baseline differences. 20 † The Logistic EuroSCORE and STS models were calculated using the imputed data, and so ranges are given for these variables for the summary measures across the 10 multiply imputed data sets; variables that were included in either model, but were not recorded in the UK TAVI registry, were assumed risk-factor absent.
Patient characteristics that resulted in a higher probability to perform predilation were identified by deriving a logistic regression model with During-TAVI BAV (no before BAV) as the dependent variable. Predictors associated with the use of predilation were investigated by backward selection using Akaike information criterion in each imputed data set, resulting in 10 (potentially different) sets of selected predictors. Predictors that were selected in more than 50% of the 10 imputed data sets were identified as independent predictors of During-TAVI BAV, following the so-called majority method of selecting variables in multiple imputed data. 22 Given the selected predictors, a logistic regression model was fitted in each of the 10 imputed data sets with estimated coefficients and SEs, then pooled according to Rubin's rules. 17 R (version 3.3.1; R Foundation for Statistical Computing, Vienna, Austria) 23 was used for all statistical analyses.
Graphical plots where made using the ggplot2 package, 24 and the mice package was used for the multiple imputation. 25 
Results
From January 2007 to December 2014, 7431 patients underwent a TAVI procedure in the UK. The flow of patients through the steps of exclusion criteria is illustrated in Figure 1 . Specifically, the analysis set for the main analysis comprised of 5887 patients; 1421 patients (24.1%) had no BAV (Direct TAVI) and 4466 patients (75.9%) had a During-TAVI BAV. Together, 3201 patients had a SAPIEN valve, 2467 had a CoreValve, and the remaining 219 were treated with another or unknown valve type. For the sensitivity analysis, which did not exclude Before-TAVI BAV patients, the analysis set included exactly those patients in the main analysis in addition to 507 patients who had a Before-and During-TAVI BAV and 197 who had a Before-TAVI BAV but no During-TAVI BAV. Summary statistics of baseline characteristics for the main analysis are given in Table 1 . The During-TAVI BAV group had significantly higher mean age and higher proportions of patients with extracardiac arteriopathy, calcification of ascending aorta, New York Heart Association (NYHA) class III or IV, and 1 or more disease coronary vessels, but significantly smaller proportions of patients with previous cardiac surgery and pulmonary hypertension. Patients in the During-TAVI BAV group had a significantly smaller mean aortic valve area and significantly larger aortic peak gradient than in the Direct TAVI group (P<0.001), although the proportion of patients with impaired left ventricular function at the time of the TAVI procedure was similar (P=0.47). The LES and STS score models were calculated in each multiply imputed data set using the variables and coefficients previously published. 26, 27 Hence, the ranges of the mean and SDs across each imputed data set are given; predicted risk as estimated by both models was significantly different across treatment groups (Table 1 ). 
Trends in BAV Practice
Between 2007 and 2014, there was a decreasing trend in the proportion of patients undergoing predilation in the whole cohort (P<0.001) and by access route (P=0.001) (Figure 2) . A similar pattern of longitudinal behavior was observed over SAPIEN and CoreValve patients. Additionally, there was heterogeneity in practice among centers, with During-TAVI BAV group rates varying from 30% to 97% (Figure 3) . Interestingly, there was a visual trend of decreased use of BAV for successive increases in center experience, with the exception of the 2 very highest-volume groups (251-300 and 300+), which represented just 7 centers (Figure 4 ). Specifically, when a center had undertaken between 1 and 50 previous TAVI procedures, rates of During-TAVI BAV were 89%, but this had decreased to 50% when centers had undertaken between 201 and 250 previous TAVIs. Table 2 gives the PS adjusted ORs for each outcome in the whole cohort for the main analysis. Before adjusting for multiple testing, patients with a During-TAVI BAV had increased odds of having a permanent pacemaker (OR of 1.30). However, this was not significant after correcting for multiplicity (Table 2 ). There were no other significant differences in other endpoints between the 2 treatment groups. Similar findings were obtained in the sensitivity analysis of the 4 treatment groups (Table 3) .
TAVI Outcomes by BAV Treatment Group
When studying patients treated with the balloon-expandable SAPIEN valve, there were no significant differences in any of the endpoints between During-TAVI BAV and Direct TAVI treatment groups (Table 4) . For the self-expanding CoreValve prosthesis, before multiplicity correction, the During-TAVI BAV group had significantly lower odds of valve dysfunction (OR of 0.58) over those undergoing Direct TAVI. However, this finding was not significant after multiplicity correction (Table 4) . Other endpoints were not significantly different across treatment groups in the CoreValve subgroup. Similar findings for the SAPIEN and CoreValve subgroups were observed in the sensitivity analysis of the 4-treatment-group analysis (Tables 5 and 6 ).
Predictors of During-TAVI BAV
Variables that were independently associated with the use of predilation are given in Figure 5 . Odds of undergoing During-TAVI BAV were significantly lower with increasing year of procedure and with increasing number of TAVI procedures for a given center, which supports the trend analysis after multivariable adjustment. Additionally, female patients with larger aortic valve area, previous cardiac surgery, pulmonary hypertension, and nonelective procedures were significantly less likely to undergo a During-TAVI BAV. Conversely, calcification of ascending aorta, NYHA class III or IV, and transfemoral access were associated with significantly increased odds of During-TAVI BAV. 
Discussion
This analysis of 5887 UK TAVI procedures has shown heterogeneity in the use of BAV nationally. Importantly, outcomes were not significantly different between patients who had a Direct TAVI and those who only had a BAV as part of the TAVI procedure. Notably, there were no significant differences in all outcomes across any of the treatment groups in SAPIEN valve patients. Similarly, after correction for multiple testing, there were no significant differences between those with and without BAV in patients treated with a CoreValve prosthesis. These findings support those from a recent meta-analysis, which showed similar outcomes post-TAVI both with and without predilation. 13 Although using BAV pre-TAVI may help to prepare the calcified aortic valve, stand-alone BAV procedures are associated with several complications 6, 28 ; hence, removing the predilation step may simplify the TAVI procedure. This study highlighted that the proportion of TAVI patients in the UK having a BAV in pre-TAVI workup is decreasing through time. Despite predilation before TAVI valve deployment being the most common procedure throughout the majority of UK TAVI centers, several centers conducted relatively high proportions of Direct TAVI procedures. The reasons behind these changes in procedure are unclear from the current work, but certainly translate the progress along the learning curve that leads to more confidence with direct implantation.
BAV Outcomes in SAPIEN Valve Patients
An important finding of the current study was that there were no significant differences over any of the clinical outcomes between treatment groups in the SAPIEN valve patients. These results are consistent with previous studies. 8, 9, 12, 14, 29 A study that compared 50 transapical access patients with BAV to 50 transapical access patients without BAV found no significant differences in any of the endpoints defined in the VARC-2 definitions 8 ; this finding was later supported with studies on transfemoral access SAPIEN-TAVI patients. 9 In contrast, previous work has suggested that SAPIEN-TAVI without BAV is associated with higher volume of cerebral ischemic lesions. 30 In the current study, differences between stroke outcomes over the 2 treatment groups were not significant. Once published, findings from a planned multicenter 2-armed observational trial (EASE-IT) comparing SAPIEN TAVI patients with or without predilation will provide further insights. 31 The present study suggests that SAPIEN TAVI procedures can feasibly be conducted without routine BAV, without increased risk in adverse outcomes. However, a degree of selection on a patient level is advocated, likely based on the extent of calcification and movement of leaflets, but also based on whether a patient has impaired LV function where one might want to minimize pacing time during TAVI. Note that the direct-TAVI group was taken as the reference. AR indicates aortic regurgitation; BAV, balloon aortic valvuloplasty; CAO, coronary artery obstruction; MI, myocardial infarction; MVC, major vascular complication; NA, not applicable; ORs, odds ratios; PS, propensity score; PVL, paravalvular leakage; TAVI, transcatheter aortic valve implantation. 
BAV Outcomes in CoreValve Patients
After correction for multiple testing, there were no significant differences with and without predilation in CoreValve patients. When testing many endpoints, one would expect to find positive results by chance simply attributed to the way hypothesis testing is conducted. 32 Nonetheless, the feasibility of conducting TAVI without BAV in CoreValve patients was first proposed in a pilot study of 60 patients. 11 Subsequent studies have shown that clinical outcomes are similar between BAV treatment groups in CoreValve patients. 10, 33, 34 Theoretically, conducting TAVI without BAV in self-expanding valves could potentially lead to worse outcomes. For example, without BAV, self-expanding valves may not achieve as good expansion and may therefore fail to reach optimal deployment dimensions, particularly in heavily calcified aortic annuli. Whereas the current study highlights the potential to remove the predilation step in CoreValve TAVI procedures with regard to clinical outcomes, further work in this subgroup of patients will be required. For example, it is possible that patients undergoing CoreValve TAVI without previous BAV will require postdilatation more frequently to correct for stent under expansion and/or paravalvular leakage. The majority of patients in the current study did not have data on postdilation requirement, and so this endpoint could not be analyzed.
Timing of BAV Relative to TAVI
We hypothesized a priori that the timing and indication for performing BAV could be related to the impact on subsequent clinical outcomes. Consequently, the sensitivity analysis included those patients who had a BAV as a bridge to TAVI (ie, a BAV completed before the date of the TAVI procedure), who represent a specific complex group of patients. All outcomes were similar between those who had a BAV before the date of TAVI (with or without subsequent BAV during TAVI) and those undergoing Direct TAVI. However, although we were able to distinguish the patients who had a BAV as a bridge to TAVI, the UK registry does not capture the reasons a BAV was conducted. Hence, this study could not investigate the full impact of BAVs conducted before TAVI. Before-TAVI dilation is often conducted when a patient has presented with severe AS or when there are questions regarding the clinical benefit of a TAVI procedure. Therefore, one could argue that TAVI might not be feasible in such cases, without the period of convalescence after the preparatory BAV. Further work in such patients is recommended, given that there are a paucity of data for this specific cohort of patients.
Limitations
One limitation of the current work is that outcomes associated with the decision to use BAV were studied in this retrospective study. Such a design may introduce significant selection biases given that the UK TAVI registry does not capture the reasons why or how each BAV was conducted. As such, any reported relationships cannot be interpreted as causal and they may relate to unmeasured confounders or selection bias. The inclusion of most patient demographic, procedural information, and TAVI center experience in the PS models should mitigate the effects of this as much as possible. Likewise, patients who undergo a BAV are generally more-severe cases with complex anatomy and would hence be expected to have poorer outcomes over those who do not undergo BAV; the use of PS in the correct work aims to correct for such confounding by indication. Finally, the absence of information regarding hemodynamic performance, valve failure rates, and echocardiographic outcomes means that such outcomes were unable to be analyzed. Similarly, we were unable to investigate technical difficulties, which have previously been indicated in Direct TAVI patients. 
Conclusion
This large-scale study highlights that a no-BAV (Direct TAVI) approach has similar clinical outcomes to the current practice of using BAV to predilate the diseased valve, especially when using a balloon-expandable prosthesis. Although this analysis provides evidence that omitting the BAV step is feasible, this warrants prospective, randomized studies to define further the utility of BAV.
